Preheating Effects on Multiple Material Laser Densification by Dai, K. & Shaw, L.
  
Preheating Effects on Multiple Material Laser Densification 
 
K. Dai and L. Shaw 
Department of Metallurgy and Materials Engineering 
Institute of Materials Science 
University of Connecticut, Storrs, CT 06269 
 
Abstract:   A 3-dimensional thermomechanical model has been developed to study laser powder 
densification of multiple materials in the multi-materials laser densification (MMLD) process. 
Thermal and mechanical properties of the materials are porosity- and temperature-dependent. In 
particular, the effect of the chamber preheating on residual stresses and warping of the part 
fabricated has been investigated. It is found that the chamber preheating can reduce warping and 
residual stresses of the laser-processed part. Furthermore, the extent of the preheating effect 
depends on the laser-scanning pattern. Implications of the simulation result on MMLD have been 
discussed. 
 





The advantages of Solid Freeform Fabrication (SFF) have offered opportunities to 
develop a cost-effective dental restoration technology, termed as Multi-Materials Laser 
Densification (MMLD), for permanent fixed prosthodontics which is currently produced by 
porcelain-fused-to-metal (PFM) restoration process in a majority of dental laboratories [1-2]. In 
this process, dental restorations are built directly from 3-D computer solid models through two 
steps. First, dental ceramic and metallic powders are delivered through slurry approaches point-
by-point to the desired location. Second, once a layer (or a layer segment) is delivered, the layer 
is densified using a laser beam scanning in a desired pattern and with adjusted input power 
density depending on which powder material is under densification. After densification, a new 
layer of powders will be deposited as described in the first step, which will then be followed 
again by the second step. This layer-by-layer fabrication process continues until dental 
restoration is completed. The automation of the MMLD process offers opportunities to present a 
faster and cheaper dental restoration for dental patients. 
The SFF processes investigated by the finite element thermomechanical models include 
Shape Deposition Manufacturing (SDM) [3-7,10], Laser Engineered Net Shaping (LENS) [8-9], 
Selective Laser Melting (SLM) [11-12], Direct Metal Laser Beam Sintering (DMLS) [13] and 
Multi-Material Laser Densification (MMLD) [14-16]. These FE models provide substantial 
insights into how temperature gradients, thermal transient and residual stresses are developed 
during SFF processes. It has been shown that SFF processes are accompanied by the 
development of residual stresses and warping that arise from the thermal gradient in the part due 
to the local heating via laser beam. Furthermore, the models of MMLD [14-15] have indicated 
that the mismatch of the thermal and mechanical properties, especially the coefficient of thermal 
expansion (CTE), between the materials will cause the residual stress and warping when multiple 
materials are densified in the manufacturing process. Preheating effects on residual stresses and 
warping have been investigated for the SDM process [7]. However, only single material is 
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simulated in the SDM process. Furthermore, the starting material considered in the SDM 
simulation is a solid. Thus, the result from the SDM simulation cannot be applied directly to the 
MMLD process where multiple powder materials are used as the starting materials [1-2]. In this 
study a 3-dimensional thermomechanical model has been developed to investigate the preheating 
effect on residual stresses and distortion of the part made of multiple materials fabricated through 
the MMLD process. The understanding developed from this study will assist the development of 
a robust and optimal MMLD process for dental restoration. 
 
2. MODEL DESCRIPTION 
 
As shown in Figure 1, the model investigated consists of a dental porcelain section 
(porcelain powder shown in white color, porcelain solid shown in dark-gray color) and a dental 
nickel alloy section (nickel powder shown in dark color, nickel solid shown in gray color). Both 
porcelain and nickel sections consist of powder initially with a porosity of 33 vol.%. The size of 
the model is 20×20×1.0 mm3 and the thickness of each powder layer is 0.5 mm. The part is built 
layer-by-layer with a laser fabrication sequence that fabricates 3-dimensional bi-material bodies 
via buildup of the dental alloy section first, followed by buildup of the dental porcelain section, 
as shown in Figure 1. This has been shown to be an acceptable fabrication sequence in achieving 
a good control of the dimension and shape of the part made of multiple materials [14]. The 
porosity of the powder compact is assumed to be temperature-independent before the 
temperature reaches its melting temperature due to the low thermal conductivity of the powder 
compact and the local heating by a laser beam with a small beam diameter. As such, the porosity 
of material in the simulation has been simplified into two levels, one being the initial porosity 
before laser scanning and the other the zero porosity (i.e., fully dense) after laser scanning. The 
thermal and mechanical properties of the materials involved and heat losses during fabrication 
including thermal convection and thermal radiation, however, are temperature- and porosity-
dependent. Details of the temperature-dependent material properties can be found in Reference 
14, whereas the porosity-dependent properties will be published in a forthcoming paper [17].  
Numerical simulation is carried out using the ANSYS commercial finite element 
package. In order to avoid rotation and translation of the part during simulation, the corner of the 
first laser-scanned element is constrained. The laser-scanning pattern is shown in Figure 2 where 
the arrow lines illustrate laser-scanning loci and the circle plotted with a dot line represents the 
area irradiated by the laser beam. The scanning pattern has its major scanning direction (i.e., the 
long scanning direction) parallel to the interface of the bi-material. The laser beam heating is 
modeled as a fixed temperature and moves from a group of surface nodes within the laser beam 
size of 2×2 mm2 to the next group of surface nodes as defined by the fabrication sequence, the 
scanning pattern and the scanning rate. Because each element in this study has a size of 0.67 mm 
length, 0.67 mm width and 0.5 mm height, there are 3×3 elements are within the range of the 
beam size, and thus at any given time 16 surface nodes (from 9 surface elements) reach the fixed, 
user-defined temperature so as to model the heating of laser beam. Such a heating condition 
mimics the close-loop temperature control used in the MMLD process. The input temperature is 
set at 1750K when the laser beam scans at the nickel section and 1400K at the porcelain section. 
The scanning rate is 10 µm/s and the laser beam moves stepwise by one element each time. 
Moreover, there is a two-minute cooling time between the fabrication of different layers or 
sections, which mimics the cooling time during the delivery of one powder layer.  
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Figure 1. Schematic of the fabrication sequence.  The dental alloy section is first fabricated in (a) ~ (d) steps, 

























             In order to evaluate the preheating effect on distortion and stress distribution, preheating 
of parts being fabricated has been simulated for the following case. The chamber is heated to a 
desired temperature before laser scanning and kept at that temperature during the entire laser 
fabrication process. Once the laser beam is turned off, the chamber preheating is stopped and the 
part being built is allowed to cool down freely. Clearly, such a case is similar to preheating of an 
entire process chamber uniformly and will effectively reduce the difference between the ambient 
and laser processing temperatures. In modeling the preheating is achieved by assigning an 
elevated temperature as the ambient temperature and keeping this temperature throughout the 
entire process when the laser beam is on. Once the laser beam is turned off, the ambient 
temperature is set to room temperature to allow the laser-processed part to cool down. 
 
3. SIMULATION RESULTS 
 
Figure 3 shows the residual X- and Z-direction stress distribution and Y-direction 
warping in the MMLD model forming from porcelain and nickel powders without chamber 
preheating. The residual X-stresses are predominately controlled by CTE mismatch of the bi-
material, which leads to tensile stress in nickel and compressive stress in porcelain near the 
nickel/porcelain interface. The residual Z-stresses are mainly controlled by the thermal gradient 
and the warping is concave upward. The development of stresses and warping in the MMLD 
process has been analyzed in detail [14-16]. Briefly, the residual thermal stress is developed 
during the cooling process, while the permanent warping is mainly developed during the heating 
process and is predominately controlled by transient thermal stresses rather than residual thermal 
stresses [16]. Detailed examination of the temperature field and transient stress distribution 
during laser scanning indicates that the fundamental reason for the out-of-plane warping is the 
presence of temperature differences between the top and bottom surfaces of the plate. This 
temperature difference in turn generates transient stresses that are different between the top and 
bottom surfaces,  thereby  leading to  the  asymmetric  deformation  between the  top and  bottom 
surfaces  and  thus  the  out-of-plane warping [16].  Since  the  state and  magnitude  of  transient 










thermal stresses are the major factors in determining distortion, it is expected that any method 
that can reduce temperature gradients in parts being fabricated can minimize distortion. Chamber 
preheating and substrate preheating are such methods.  
In the present study, the models with chamber preheating at a temperature of 400K, 
500K, 600K, 700K and 800K are simulated. The simulation results indicate that the distribution 
patterns of residual stresses and out-of-plane warping are similar with the model without 
preheating (Figure 3). However, the distribution patterns of transient stresses are different. In the 
model without preheating, the nickel section is subjected to tensile stresses near the interface 
when laser is scanning the porcelain section at the region away from the interface. In contrast, 
this distribution pattern is changed to partly tensile and compressive stresses or even fully 
compressive stresses with the increase in the preheating temperature. This is due to less thermal 





Figure 3. The residual (a) 
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Shown in Figure 4 are the out-of-plane distortion and the maximum values of residual 
stresses in the X- and Z-direction as a function of the chamber preheating temperature in the bi-
material model. It can be seen that the out-of-plane warping decreases monotonically with the 
increase in the preheating temperature. The warping decreases by about 30µm for every 100K 
increase in the preheating temperature. Compared with the model without preheating, the 
warping of the model with preheating at 800K decreases by about 17%. It is also found from 
Figure 4(b) that residual stresses also decrease when raising the preheating temperature except 
for the residual Z-stresses with a preheating temperature of 600K. With a chamber preheating of 
800K the residual tensile X-stress and compressive Z-stress decrease by 25% and 30% in 
comparison with that obtained without preheating, respectively. At the same time the preheating 
of 800K also leads to a reduction of the residual compressive X-stress and tensile Z-stress (about 
9%). It is clearly that the chamber preheating results in a smaller thermal gradient before cooling, 
which in turn leads to more uniform cooling and thus smaller residual stresses. The present 
(a) 
(b) 
Figure 4. (a) Distortion in the 
y-direction and (b) residual 
stresses versus the chamber 
preheating temperature in the





simulation suggests that high quality parts fabricated via the MMLD process should be obtained 
with a chamber preheating temperature larger than 700K. 
Effects of the chamber preheating on residual stresses and warping in single solid 
material (e.g., nickel) have also been evaluated. Shown in Figure 5 are the two laser scanning 
patterns, pattern I and II, evaluated. The model has a single layer of nickel plate with a 
dimension of 60×60×2.0 mm3 and a chamber preheating of 800K is applied. A comparison 
between the models with and without preheating indicates that the out-of-plane warping in the 
scanning pattern I and II decreases by 32% and 73% respectively with the application of the 
preheating at 800K. Furthermore, residual stresses are also reduced, although small (less than 
11%), by preheating for both scanning patterns.  
 
 




The present finite element modeling has shown that the chamber preheating could result 
in less out-of-plane warping and residual stresses in parts made of multiple materials fabricated 
using a moving laser beam. The preheating effect also depends on the laser-scanning pattern. The 
laser scanning pattern II, which changes the scanning direction constantly, provides larger 
reductions in the out-of-plane warping and residual thermal stresses than the pattern I. The 
maximum reduction in warping and residual stresses can be achieved by coupling of chamber 
preheating and scanning pattern II. The underlying mechanism responsible for the effect of 
chamber preheating is the reduction of temperature gradients between the top and bottom 
surfaces of the part being fabricated, which in turn gives rise to smaller transient stresses, thereby 
a smaller difference in the asymmetric deformation between the top and bottom surfaces of the 
part and thus smaller out-of-plane warping.  
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